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INTRODUCTION 

A pro jec t  has been under inves t iga t ion  f o r  several  years  a t  Arizona S t a t e  
University (ASU) with t h e  ob jec t ive  of producing t r anspor t a t ion  grade l i q u i d  
hydrocarbon fuel from a wide va r i e ty  of biomass type feedstocks. The intended 
product is t h e  equivalent  of t h a t  derived from petroleum. Thus a renewable and/or 
waste feedstock is t o  be u t i l i z e d  t o  produce a high qua l i ty  product t h a t  is 
compatible with t h e  e x i s t i n g  d i s t r i b u t i o n  system and engine designs. 

Table 1. As indicated,  biomass contains  a higher hydrogen/carbon and oxygen/carbon 
r a t i o  but lower sulpUr and ash content. The heat ing value f o r  biomass is lower (due 
t o  the  oxygen content)  but t h e  v o l a t i l e  matter content is higher. Thus, except f o r  
t h e  oxygen content ,  biomass exh ib i t s  more a t t r a c t i v e  c h a r a c t e r i s t i c s  than coal f o r  
producing a l i q u i d  hydrocarbon fuel ( l e s s  hydrogen source addi t ion,  l e s s  sulfur and 
ash removal, milder operat ing condi t ions) .  To address  t h e  oxygen problem, an 
i n d i r e c t  l i que fac t ion  approach was chosen for study a t  ASU. The basic  s t e p s  a r e : ( l )  
g a s i f i c a t i o n  of t h e  biomass i n  a c i r c u l a t i n g  s o l i d  f lu id i zed  bed system to  a 
syn thes i s  gas containing pr imari ly  hydrogen, carbon monoxide, ethylene,  methane and 
carbon dioxide,  and (2) conversion of t h e  synthesis  gas  t o  a l i q u i d  hydrocarbon fuel 
i n  a c a t a l y t i c  reactor .  The oxygen i n  t h e  biomass is thus converted t o  carbon 
monoxide, carbon dioxide and some water i n  t h e  g a s i f i c a t i o n  s tep.  I n  t h e  
l i que fac t ion  s t e p ,  t h e  carbon monoxide is converted t o  pa ra f f in i c  hydrocarbons, 
water and normal propanol v i a  t h e  following possible  react ions:  

The fundamental c h a r a c t e r i s t i c s  of biomass (as compared with coal) are given i n  

C2H4'+ (n-2)CO + (2n-4)H2 $ CnH2n+2 + (n-2)%0 

1/2(n-1 )C2Hq + CO + 3H2 * CnH2n+2 + 50 
C H 

C2H5CH0 + H2 + C H OH 

+ CO + €I2+ C2H5CH0 2 4  

3 7  
Table 1. 4 

C 
H 
0 
N 
S 
ash 

w Biomass 

70-80 35-55 
4-6 4-6 
5-20 25-50 
0.5-2 <0.5 
1-5 <0.5 
5-30 0-1 0 

Heating values  (Btu/ lb)  9500-15000 6500-9500 
(d ry  bas i s )  

Vo la t i l e  matter, w t .  p 30-50 60-90 
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With proper manipulation of t h e  above r eac t ions ,  t h e  oxygen i n  the  biomass w i l l  end 
up i n  water, carbon dioxide and normal propanol. Carbon d ioxide  and water w i l l  be 
vented from t h e  g a s i f i c a t i o n  system regenera tor  and an  immiscible alcohol-water 
phase w i l l  be separated from an oxygen free pa ra f f in i c  hydrocarbon phase. Pas t  and 
present  e f f o r t s  on t h e  pro jec t  have been aimed a t  optimizing the implementation of 
t h i s  scheme v i a  feedstock assessment, f a c t o r  s t u d i e s  and opera t iona l  
r e l i ab i l i t y / con t ro l  improvements. The ind iv idua l  s t e p s  have been s tudied  a s  well as  
t h e  in tegra ted  system. This paper w i l l  address recent  s tud ie s  on  t h e  l i que fac t ion  
system. A range of synthes is  gas composition produced i n  the  labora tory  i n  t h e  
g a s i f i c a t i o n  s t ep  ( f o r  approximately 100 d i f f e r e n t  feedstocks and a range of 
opera t ing  conditions) is as follows (mole%): 

'~ 

hydrogen 10-45 

ethylene 5-40 
methane 10-45 
ethane 1-5 
carbon dioxide 0-1 5 

carbon monoxide 1 5-6 0 

To a c e r t a i n  ex ten t ,  t h e  synthes is  gas composition i s  feedstock dependent. However 
cont ro l  is poss ib le  with operating condi t ion  manipulation i n  t h e  g a s i f i c a t i o n  s t e p  
with t h e  major f a c t o r s  being temperature, s t eadb iomass  r a t i o  and choice of s o l i d  i n  
the  f lu id i zed  bed system. Details on t h e  g a s i f i c a t i o n  s t e p  can be found elsewhere 
(1,Z).  

LIQUEFACTION SYSTEM 

The ca t a lys t  candidates chosen f o r  study f a l l  i n t o  two ca tegor ies :  (1)  i ron ,  
and (2) cobalt .  I ron  is the  t r a d i t i o n a l  a c t i v e  ingredien t  when performing conversion 
s t u d i e s  with a synthes is  gas  dominated by carbon monoxide and hydrogen ( 3 ) .  However 
biomass o f f e r s  t he  opportunity t o  produce a s i g n i f i c a n t  amount of unsa tura ted  gases 
(pr imar i ly  ethylene).  For t h i s  case,  coba l t  based c a t a l y s t s  are a t t r a c t i v e  
candidates due t o  the  r e l a t i v e l y  high a c t i v i t y  f o r  o l e f i n  conversion ( a s  opposed t o  
the  r e l a t i v e l y  i n e r t  behavior of i ron ) .  I n i t i a l  l i que fac t ion  s tud ie s  at ASU were 
performed i n  a f lu id i zed  bed mode. However, p r imar i ly  motivated by t h e  cont ro l  
complexity of operating f lu id i zed  beds i n  series, a s lu r ry  phase system was se lec ted  
f o r  study as an  a l t e rna t ive .  In  addi t ion  t o  residence time (ve loc i ty  con t ro l )  
f l e x i b i l i t y ,  t h e  s l u r r y  reac tor  of fe red  t h e  following po ten t i a l  advantages: 

- super ior  temperature cont ro l  - longer ca t a lys t  1Ve - c a t a l y s t  conf igura t ion  f l e x i b i l i t y  - super ior  gas  d i s t r i b u t i o n  

The po ten t i a l  disadvantages were increased process complexity ( s l u r r y  l i q u i d  storage 
and d i s t r ibu t ion )  and poss ib le  slurry l i q u i d  composition s t a b i l i t y  problems. 

The ca t a lys t  and l i q u i d  candidates se lec ted  f o r  study are l i s t e d  i n  Tables 2 
and 3. Se lec t ion  was based on l i t e r a t u r e  guidance, physical  and chemical property 

reactor configuration. Reaction system d e t a i l s  and opera t ing  procedures are 
, cons idera t ions  and system compat ib i l i ty .  A l l  work was performed i n  a bubble column 

described elsewhere (4 ,5) .  The experimental s t r a t egy  is depicted i n  F igure  1. I 

RESULTS I 
i 

Base operating condi t ion  screening runs  r e su l t ed  i n  t h e  se l ec t ion  of following 
ca t a lys t / s lu r ry  l i qu id  combinations for addi t iona l  study: (1)  25 Co/175 Al 0 i n  
F isher  pa ra f f in  o i l ,  and (2) 48 F44 .8  Cu/47.2 k iese lguhr  i n  Chevron Refin8d3Yax 
143. 

1 1 7  
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Resul ts  of f r a c t i o n a l  f a c t o r i a l  experiments t o  study t h e  effect of r eac to r  operating 
condi t ions on product y i e l d s  for the cobal t  study a r e  glven i n  Table 4. I ron 
c a t a l y s t  f a c t o r i a l  experiment r e s u l t s  are shown i n  Table 5 .  Note t h a t  t h e  feed 
composition d id  no t  include ethylene for t h e  i r o n  study s ince  o l e f i n s  a r e  
e s s e n t i a l l y  i n e r t  i n  t h e  presence of Iron. Factor choice and l e v e l s  were guided by 
t h e  l i t e r a t u r e  and ASU laboratory experience. Example product compositions for t h e  
two s t u d i e s  a r e  shown i n  Figures 2 & 3. Data was obtained over a s u f f i c i e n t  period 
of time ()8hrs) t o  i n s u r e  steady s t a t e  operation. Base point r e p l i c a t i o n  indicated 
a n  experimental error 
balance c losu res  (mass out/mass i n  x 100) were i n  t h e  95-1051 range for t h e  two 
studies .  

of 21 for the  coba l t  study and SZ f o r  the i r o n  study. hss 

Table 2 - 
Cabal t / A l u m i M  
Cobalt  Oxide Powder 
Cobalt  Oxide P rec ip i t a t e  
Cobalt-Potassium/AlumiM 
Iron-Copper-btassium Prec ip i t a t e  
G i rd l e r  C-'(3-1 ( I ron  Based Ammonia Synthesis  Catalyst)  
Iron-Copper/Kieselguhr 
Iron-Copper/Alumina 
Iron-Copper-Potassid Alumina 
Iron-Copper P rec ip i t a t e  

Table 3 - 
Product Liquid 
Commercial lo. 2 Diesel  
M n e r a l  Oil /Paraff in  O i l  
Chevron 143 Refined Wax 
Synthet ic  Motor O i l  (Mobil One) 
T e t r a l i n  
Tetrae thylene Glycol 
Dimethyl Napthalene 
Hexadeoane 
Triethylene Glycol 
1 -0ctadecene 
Diethyl  Phthalate  
Dow 210H 
Dow Syltherm 800 
Alpha Eicosane 
Revco Mnera l  Motor O i l  

Mathematical models were f i t t e d  t o  t h e  experimental d a t a  for each study, 
Optimized and experimentally ver i f ied.  Ver i f i ca t ion  of predicted optimums were 
mixed, dependent on t h e  p a r t i c u l a r  problem posed. Thus close agreement was achieved 
i n  some cases while  o the r  problems r e su l t ed  i n  deviat ions i n  both high and l o w  
d i r ec t ions .  Additional product analyses were performed (eg, heat ing value,  cetane 
index, API g rav i ty ,  average molecular weight, most abundant carbon number, grouped 
composition, Shulz-Flory analysis) .  Also equi l ibr ium ca lcu la t ions  were performed. 
Compcsition ana lys i s  on t h e  slurry l i qu ids  did not  i n d i c a t e  any appreciable  
degradation i n  t h e  presence of t he  c a t a l y s t s  although t o t a l  operat ing time length 
was not extensive.  Ca ta lys t  a c t i v i t y  was a l s o  s t a b l e  for t he  prescribed run lengths. 

loo lexp. error= 
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Table 4 
-1 

Factors Reswnses -- 
-2 a- H C H  CO hg&?&Ad 

m2 
co fi k L r U % ~ ~  - 

310 95 20 5 20 55.8 87.2 36.1 9.7 
210 
210 
310 
21 0 
310 
310 
210 
B a i i L E L  
26 0 
260 
260 

95 
95 
95 
295 
295 
295 
2 95 

195 
195 
195 

40 5 
20 25 
40 25 
40 25 
20 25 
40 5 
20 5 

30 15 
30 15 
30 15 

40 
40 
20 
20 
40 
40 
20 

30 
30 
30 

28.6 46.6 7.6 
22.7 13.6 3.4 
61.7 89.0 37.6 
28.2 39.6 12.8 
75.9 80.6 6.4 
68.8 87.9 39.3 
13.0 38.6 5.2 

42.0 62.6 13.7 
50.1 68.0 15.8 
51.3 69.5 18.3 

2.9 
3.7 

27.0 
82.0 

166.0 
85.0 
11.0 

53.0 
50.0 
53.0 

'experiment: 25-* ( 2  l e v e l ,  5 factor)  

'balance of gas = carbon dioxide + methane 

fractional factorial  with base point replication. 
Superficial gas velocity = 1.0 cndsec st T , P  

Table 5 
-1 

Factors Reswnses 
/CO Catalyst Amount 

o/hr 

220 120 0.5 0.05 5.2 0.10 0.9 
3 00 120 0.5 0.05 66.4 44.4 31.7 
220 200 0.5 0.05 1.1 1.1 2.2 
300 200 0.5 0.05 71.0 46.9 118.0 
220 120 2.5 0.05 1.2 3.6 1.4 
300 120 2.5 0.05 32.2 76.7 8.5 
220 200 2.5 0.05 1.5 5.1 0.7 
300 200 2.5 0.05 43.3 88.5 5.0 
220 120 0.5 0.20 2.4 10.0 6.6 
300 120 0.5 0.20 68.4 24.2 8.9 
220 200 0.5 0.20 5.4 1.0 2.8 
300 200 0.5 0.20 54.1 54.9 28.8 
220 120 2.5 0.20 11.3 18.7 5.2 
300 120 2.5 0.20 26.6 50.5 11.5 
220 200 2.5 0.20 9.0 19.7 3.8 
300 200 2.5 0.20 45.7 49.8 5.7 

26 0 160 1.5 0.125 41.0 77.0 30.3 
26 0 160 1.5 0.125 56.0 81.0 31.6 
26 0 160 1.5 0.125 38.1 87.9 26.2 

'experiment: 24 ( 2  l e v e l ,  4 factor) 

'balance of gas E COP + methane (€I2 + CO = 50 mole 5)  

full factorial  with base point repl icat ion.  
Superficial gas velocity I - 1.0 d s e c  a t  T ,P  
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SUMMARY AND CONCLUSIONS 

The following assessment of t he  r e s u l t s  presented i n  t h e  preceeding sec t ion  is 

(1) For t h e  cobalt study, t h e  order  of importance of the  f a c t o r s  s tudied with 
offered : 

regard to  e f f e c t  on product y i e l d  is a s  fol lows (v i a  ana lys i s  of variance): 
temperature, pressure,  ethylene,  hydrogen, carbon monoxide. For the i ron 
s tudy,  t h e  o rde r  of importance of t he  f a c t o r s  is a s  follows: temperature, 
H /CO, c a t a l y s t  amount, pressure. 

competit ive with commercial fuels such as No. 2 d i e s e l  and av ia t ion  fuels .  
Product composition is r e l a t i v e l y  i n s e n s i t i v e  t o  operat ing condi t ion 
changes with a f ixed ca t a lys t .  

(3) Cobalt based c a t a l y s t s  a r e  preferred i f  a s i g n i f i c a n t  amount of o l e f in s  are 
present  i n  t h e  syn thes i s  gas. Without s i g n i f i c a n t  o l e f i n s ,  i r o n  c a t a l y s t s  
should be considered. 

(4 )  Product y i e l d  improvement po ten t i a l  is considerable  v i a  adjustment of 
c a t a l y s t ,  s l u r r y  l i q u i d  and r eac to r  operat ing va r i ab le  f a c t o r s  v i a  
optimization s tud ie s .  

(5)  The s l u r r y  r eac to r  is an advantageous system with regard t o  temperature 
con t ro l ,  res idence time f l e x i b i l i t y  and possibly c a t a l y s t  l i f e .  A major 
disadvantage is t h e  complexity of an add i t iona l  ingredient  i n  t h e  system 
( i f  t h e  product l i q u i d  is not u t i l i z e d ) .  

( 6 )  Catalyst  and l i q u i d  l i f e  endurance t e s t i n g  need t o  be performed on t h e  
c a t a l y s t / l i q u i d  systems reported i n  t h i s  paper. 

(2)  Pfbduct compositions and p rope r t i e s  a r e  a t t r a c t i v e  and p o t e n t i a l l y  
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Figure 1 

EXPERIMENTAL PLAN 
F I X  SYNTHESIS 

SELECT CATALYST L---"- 
SELECT L I P U I O  

MEDIA AND OPERATING 

I PERFORM z3 FACTORIAL EXPERIMENT 
(TEMP, PRESS. RES. TIME; YIELD, 

COMPOSITION RESPONSE) YIlH 
BASE POINT REPLICATION I 

No 

No 

I F I T  MODELS 
(WITH POSSIBLE EXP. I DESIGN EXTENSION) 

rll OPTIMIZE MODELS 

e I I l  EXP. VERIFY OPTlFlUM 

121 



U 

L u  
I 
V 

122 



I- 

123 


